ABSTRACT As one of the most effective traffic demand management measures, cordon-based congestion pricing can alleviate recurrent traffic congestion. Existing methods of determining the toll cordon require an excessive investigation and calculation, and the model assumptions are too idealistic. This article attempts to reduce the amount of required calculation by introducing feasible cordons. Through GPS data of floating cars, an accurate identification of the research scope and a feasible cordon for congestion pricing can be achieved. Further, considering multi-user choices and congestion transfer when pricing is imposed, this article establishes a joint bi-level model to determine the toll cordons and rate simultaneously. The upper level of the model aims at maximizing social welfare with the restriction of congestion transfer. The lower level of the model is a road network equilibrium model in which the value of time is considered. A combined algorithm is adopted to solve the bi-level model. Finally, the effectiveness of the method is verified by taking Changchun as an example. This article provides a methodological support for designing a feasible and an effective cordon-based congestion pricing scheme.
I. INTRODUCTION
With the growth of the population and urban development, the contradiction between traffic supply and demand is becoming more and more serious. Some roads in large cities are in a state of congestion over several hours a day or even throughout the whole day. Congestion pricing is one of the effective traffic demand management strategies. It has been successfully implemented in many cities. In 1975, Singapore adopted the Area Licensing Scheme (ALS) for congestion pricing in a central area of 6.2 km 2 , which reduced the traffic volume entering the restricted zone by 10%. In 1998, the Electronic Road Pricing system was adopted in an area of 7.25 km 2 , reducing traffic volume further by about 10% to 15% compared with the ALS, and encouraging more people to use public transportation [1] . The London Congestion Charging Scheme started on February 17, 2003 , and reduced by 18% the total number of vehicles entering the affected zone during
The associate editor coordinating the review of this manuscript and approving it for publication was Keli Xiao. the pricing hours, while increasing by 38% the number of bus users [2] . Sweden's cities of Stockholm and Gothenburg have also alleviated traffic pressure to some extent by using congestion pricing [3] . Congestion pricing has an advantage over other travel demand management policies, which encourages individuals and firms to adjust all aspects of their behaviour [4] .
Cordon-based congestion pricing is a kind of pricing practice based on second-best theory [5] . The existing research on the design of such schemes focuses on three aspects: the setting of the toll cordon, the toll rate of the cordon, and the synchronous design of toll cordon and rate.
In terms of the toll cordon, Santos et al. [6] found that the urban road network structure and the land use pattern had a significant impact on cordon pricing, through an experimental study of eight towns in the UK. May et al. [7] tested a set of analytical procedures of congestion pricing on a large transportation network, and the results showed that the performance of congestion pricing is very sensitive to cordon locations. Mun et al. [8] used the urban space model to study VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the influence of cordon pricing on a non-monocentric city, and found that the implementation of cordon pricing was more effective in such cases. De and Russo [9] studied the political economy of cordon tolls in a monocentric city, and found that it was easier to get support from a cordon close to the city center than that in a suburb.
As for the toll rate under a given cordon, May and Milne [10] used the elastic demand model and the congestion transfer model to analyze the setting of congestion pricing and the change of network efficiency, taking into consideration factors such as the cordon, travel distance, travel time and delay time. Shepherd et al. [11] studied the sensitivity of the optimal toll rate under toll cordons of different, predetermined sizes. Zhang et al. [12] studied toll rates for cordon pricing and area pricing, and proposed a unified framework to optimize the toll rates under those two pricing strategies. Considering social welfare, social equity, and environmental impacts, Sun et al. [13] established a multiobjective bi-level programming model to determine optimal distance tolls. Yu et al. [14] designed equitable congestion pricing with the consideration of bus subsidies and multimodal traffic transfers. Zhong et al. [15] proposed a general traffic accident minimization pricing problem, and set up a bilevel programming model with the objective of minimizing the negative externalities of both congestion and accidents.
With respect to the synchronous design of toll cordon and rate, Verhoef [16] studied the second-best optimal toll location and rate under different conditions, through modeling and simulation. Zhang and Yang [17] introduced graph theory to study the optimal design problem of cordon pricing with elastic demand. Ho et al. [18] used variational inequality to characterize travelers' route selection behavior, and also analyzed the toll cordon and rate in urban congestion pricing. Akiyama and Okushima [19] used a practical method to analyze the cordon pricing system. They determined the toll cordon and rate simultaneously aiming at maximizing social net benefit based on variable demands. Afandizadeh et al. [20] used graph theory to represent the network topology. They also established a model with the aim of maximizing social welfare, and used a genetic algorithm to solve the optimal toll location and rate. Ekström et al. [21] established a simultaneous determination model of the optimal toll location and rate, aiming to minimize the total travel time and toll cost. Li et al. [22] studied the effects of traffic congestion spread and air pollution, and proposed a toll location and rate optimization model with the goal of maximizing the total social welfare. Ge et al. [23] analyzed the boundary effects by using a bottleneck model with three types of toll scheme. Through proposed extra requirements, principles, and requirements, the model reduced the adverse consequences of boundary effects.
Congestion pricing has been researched in depth in recent literatures. However, there are two problems yet to be solved in the study of cordon-based congestion pricing.
1. Current methods require a lot of investigation and calculation. In the papers of Ekström et al. [21] and Li et al. [22] and other similar studies, when determining the toll cordon and rate, they calculated all the sections within a large area generally. In a small case, the comprehensive investigation and calculation may be possible. But for an actual urban road network which is rather large, these investigation and calculation are quite difficult due to the excessive road sections.
2. In the existing models, some important factors are not taken into account, such as congestion transfer and multiuser choices. These factors will affect the design of the cordon-based congestion pricing. Congestion pricing aims to alleviate regional congestion, but its implementation often leads to congestion transfer. If the congestion transfer is not considered when designing a pricing strategy, the new congestion will occur. Travelers with different time values have different sensitivity to congestion pricing. It is not scientific to represent the choice of multi-user by the choice of one user.
The first problem above can be divided into two aspects, investigation and calculation. In order to reduce the investigation workload, we can narrow the research scope by using the GPS data of floating cars to identify congested areas. In order to reduce the calculation amount of models, we introduce feasible cordon and propose its assessment method. By distinguishing whether the randomly generated cordons are feasible ones or not, the calculation of invalid cordons can be reduced. For the second problem, we can develop a bi-level cordon pricing model with the consideration of the congestion transfer caused by congestion pricing and the impact of different time values of travelers.
In this paper, we propose a method of designing the cordonbased congestion pricing scheme based on feasible cordons and the restriction of congestion transfer. Firstly, this article identifies the research scope of congestion pricing by using GPS data of floating cars, and defines feasible cordon to obtain the searching scope and decrease corresponding computation amount. Secondly, a bi-level optimization model is established to simultaneously determine the toll cordons and rate in the feasible cordons. The upper level of the model maximizes the social welfare by considering congestion transfer. The lower level aims to keep the equilibrium of the network with the consideration of the multi-user's value of time. Then, a combined heuristic algorithm is presented to solve the bi-level programming model. Finally, the effectiveness of the method is verified by using the data of Changchun, China.
The structure of the remainder of the article is as follows. Section 2 proposes a research scope determination method, based on GPS data of floating cars and a feasible cordon assessment method. Section 3 establishes a bi-level programming model considering the factor of congestion transfer and the traveler's time value. In order to solve the model, we design a combined algorithm, and provide the steps for solving it. Section 4 verifies the effectiveness of the method using actual data from Changchun in China. Section 5 highlights the conclusions of this study and proposes some suggestions for future research. 
II. RESEARCH SCOPE AND FEASIBLE CORDON IN CORDON-BASED CONGESTION PRICING
The following parameters are defined to represent the characteristics of the road sections, nodes, requirements, and charges of the urban road network. 
A. RELATIONSHIP BETWEEN RESEARCH SCOPE AND FEASIBLE CORDON
When determining the toll cordon and rate, the problem can be divided into two parts: solving for the optimal toll cordon VOLUME 7, 2019 and determining the toll rate under that cordon. The solution for the toll rate will depend on the determined cordon, while the solution for the optimal cordon will involve selecting the maximum social welfare from the entire set of alternative cordons, by implementing a bi-level programming model. The number of alternative toll cordons will determine the amount of calculation required to produce a solution.
Due to the limitations of the inherent property of the toll cordon, not just any road segment can be used as the cordon. Effective alternative cordons must satisfy set conditions. Thus, in order to identify all valid alternative toll cordons within the research scope, in this paper, the concept of the feasible cordon is introduced, and a feasible cordon determination method based on the research scope is proposed. The feasible cordon is selected from the research scope, and a precise research scope can reduce the number of feasible cordons that must be assessed, by eliminating those not suitable for the implementation of congestion pricing.
Therefore, this section proposes methods for determining the research scope and the feasible cordon. First, we determine the congestion center within the congestion area, and then we gradually expand the research area using the layer push method. Finally, when the degree of congestion in the research area is smooth, the research scope suitable for the cordon-based congestion pricing will have been found. Within that research scope, the effective alternative toll cordons that meet the given condition will be screened to find the model solution.
B. OPERATION PROCESS
According to the degree of congestion, the areas of a road network can be divided into those exhibiting congestion, stability, and smoothness. The toll cordons in different areas have different effects. The schematic diagram of toll cordons in different areas is shown in Fig. 1 . When the toll cordon is E 1 , it is in the smooth area. From the perspective of demand control, after the implementation of the congestion pricing, the traffic volume within the toll cordon will decrease. The utilization rate of smooth roads (green area) in the restricted zone will further decline.
When the toll cordon is E 2 , it is in the congestion area. Because of the spatial boundary effect [24] generated by congestion pricing, a large number of vehicles passing through the congestion area may change their travel routes to avoid the toll. It is likely to cause the spread and transfer of congestion.
When the toll cordon is E 3 , it is in the stable area. It is able to not only alleviate the spatial boundary effect, but also improve the utilization of road resources in the stable and smooth areas.
Therefore, the stable area is taken as the research scope, and the specific steps to determine it are shown in Fig. 2 . 
1) IDENTIFICATION OF CONGESTED AREA
GPS data of floating cars can periodically record the vehicle position, direction and speed during the movement of vehicles. We can use the GPS data of floating cars to reflect the operation of vehicles in the road network. Before that, we need to clean the missing, invalid and wrong data. According to the vehicle position information in the processed GPS data set, we can map the GPS data on the road in the network. Generally, the more GPS data is mapped on the roads, the more actual situation of the road network can be truly reflected.
In order to obtain accurate results, GPS data should cover every road in the urban road network, and the number of matched GPS data in each arterial/secondary trunk road section should not be less than 10.
The congested area has the characteristics of high GPS density and low running speed. First, we apply the map analysis of ArcGIS to identify the high-density area, and then we use Python to analyze the regional average speed.
When using ArcGIS for map analysis, the processed GPS data are firstly matched to the road network, and then the point density analysis tool of ArcGIS is used to identify the high-density area.
When using Python to analyze the regional average speed, first the entire urban area is divided into grids, and the GPS data is matched to the grids. Then, the average speed of all 93548 VOLUME 7, 2019 floating car GPS data points in the entire region is calculated to obtain the regional average speed.
2) DETERMINATION OF CONGESTION CENTER POINT
The congestion center points refer to the intersections and the blocks with the highest degree of congestion (or in other words the highest importance) in the research area. Congestion pricing should first alleviate the congestion at the congestion center point, so the scope of congestion pricing should be determined around the congestion center point. The method of identifying the congestion center point is as follows.
Firstly, the intersections with higher road grades and the blocks with higher road grades in the surrounding sections within the area are selected. Then, in the selected intersections and blocks, the average speed is selected as the index for screening for the congestion center point. The lower the average speed, the more important the intersections and the blocks. The average speed of the congestion center point is calculated as shown in Formula (1).
if center points refer to the blocks (1) The average speed on the road is calculated as shown in Formula (2).
3) ASSESSMENT OF DEGREE OF REGIONAL CONGESTION
To assess whether the area presents congestion, stability, or smoothness, two steps are carried out: 1. Characterization of degree of regional congestion Since the traffic flow has directional imbalance and tidal characteristics, the average of the two directions cannot reflect the actual congestion, such as the morning commute problem, most of the road segments towards the downtown area are congested, while the opposite direction is uncongested. Therefore, considering the heavy traffic flow direction as the basis for calculating the degree of regional congestion, we calculate the regional average speed as shown in Formula (3).
2. Selection of threshold for degree of regional congestion It would be unscientific to determine the degree of congestion using the same threshold for all road networks in all cities. Instead it should depend on urban size, road class, length and other factors. The calculation of the threshold is shown in Formula (4).
Since there are different threshold requirements for judging the degree of congestion in different scenarios, there is not a uniform standard. The threshold setting can be determined according to the standards and surveys established by the traffic administrators.
In most cases, arterial roads have the largest traffic volume, and the largest impact on traffic congestion. Meanwhile, the arterial road is also the main carrier of congestion pricing. Therefore, based on the threshold of congestion degree of arterial road, the congestion threshold of other roads is determined by the design speed ratio between other roads and arterial roads.
The calculation of υ kj is shown in Formula (5).
The circle extrapolation method is used to determine the research scope. The rules are as follows:
Step 1: Select the road sections that meet the implementation conditions of cordon pricing as the alternative road sections, such as arterial roads, secondary trunk roads, and the branch roads with good condition or high importance which means high degree of connectivity or contain famous buildings.
Step 2: Taking the congestion center point as the center, select some road sections closest to the center point to form the enclosed area from beginning.
Step 3: Judge whether the enclosed area presents smoothness characteristics or not. If it does, jump to Step 4. If it does not, jump to Step 5. When it does not, it states that the congestion area and the stability area are larger than the enclosed area. Before expanding the area, it is necessary to judge whether the area reaches the upper limit of the urban congestion pricing range.
Step 4: The research scope is determined.
Step 5: Judge whether the enclosed area has more than three circles of arterial roads. If it does, congestion pricing is abandoned. The research scope for urban congestion pricing should not be too large. If it does not, jump to Step 6.
Step 6: Expand the enclosed area by determining the direction of expansion according to the speed of the road section, then jump to Step 3.
C. SELECTING A FEASIBLE CORDON 1) DEFINITION OF A FEASIBLE CORDON
A feasible cordon refers to a virtual and enclosed line within the research scope that completely separates the tolling area from the non-tolling area. The feasible cordon is composed of VOLUME 7, 2019 road segments, each of which can determine a set of pricing schemes.
The principles of feasible cordon assessment are as follows:
1. The feasible cordon lies within the research scope and outside the congestion area.
2. The feasible cordon consists of a series of road segments and distinguishes the tolling area from the non-tolling area.
3. The road sections of the feasible cordon need to meet the cordon-based congestion pricing infrastructure conditions. That is, the roads need to be arterial roads, secondary trunk roads or branch roads in good condition or of higher importance.
2) FEASIBLE CORDON ASSESSMENT
When solving the model to obtain the toll cordon, it is necessary to use computer language to represent and identify the feasible cordon. Therefore, graph theory will now be introduced to represent and identify the feasible cordon in the road network.
An urban road network is composed of roads and nodes. The representation of the relationship between roads and nodes is used for identifying the feasible cordon. The urban road network can be represented as a directed graph, and the direction of the road represents the direction of vehicle flow. Therefore, the relationship between roads and nodes can be represented by an association matrix.
Suppose the road network consists of α nodes and τ roads, and the association matrix is a matrix A = [a ij ] of size α × τ . The relationship between the roads and nodes can be expressed as follows:
if link j is incident at node i, and directed from node i 0 if link j is not incident at node i −1 if link j is incident at node i, and directed to node i
The key point to determine a feasible cordon is to judge whether the generated cordon can distinguish the tolling area from the non-tolling area. We can assess whether the cordon is feasible or not by introducing the concept of cut-set. For details the readers can refer to Chen [26] .
The specific method is as follows: Within the research scope and outside the congestion area, select the road sections that meet the congestion pricing implementation conditions which is defined in the circle extrapolation method. Define the urban road network as graph G (N , A) , where N is node set and A is road set. Take the node set in the tolling area as N 1 , and the node set in the non-tolling area as N 2 . According to N 1 and N 2 , the area is divided into two parts, namely the tolling area and the nontolling area. The rank of the matrix (γ ) is equal to the node number of the graph (α) minus the component number of the graph (H ), γ = α − H . When we remove a cut-set of graph G, the number of components of G will be increased by one. Therefore, it can be determined whether the cordon can completely separate the tolling area from the non-tolling area by checking the rank of the divided correlation matrix.
III. JOINT MODEL FOR DETERMINING TOLL CORDON AND RATE

A. UPPER-LEVEL OBJECTIVE FUNCTION WITH THE CONSIDERATION OF CONGESTION TRANSFER
This paper studies how to maximize the social welfare under the premise of considering congestion transfer through the design of a reasonable toll cordon and rate.
The urban traffic network is composed of people, cars, roads, and the environment. The influencing factors and their mutual relations are complex. In order to make the research operable, the following hypotheses are introduced into the model design:
1. The travelers in the road network are all in cars. 2. Each time a vehicle enters the tolling area, it needs to pay a fee, and the toll rate for entering the area from different entrances is same.
3. A traveler's travel choice conforms to the first principle of Wardrop.
Congestion pricing is an effective means of managing traffic demand, which can reduce the cost of the originally crowded roads and improve the social welfare. But congestion pricing often leads to congestion transfer, which can make that many places becoming more congested after pricing should not be too congested.
Congestion transfer means that, although the congestion of some road sections is alleviated, this leads to congestion in other sections [24] . The assessment process for congestion transfer is shown in Fig. 4 . Fig. 4 Flow chart depicting assessment of congestion transfer. The value of the λ can be set based on investigation and assessment of the unacceptable level of congestion. It can also refer to the level of service given in the Highway Capacity Manual (HCM).
The upper-level function considering the restriction of congestion transfer is constructed as shown in Formulas (7) (8), and (9).
Note that d w (S), w ∈ W and x a (S), a ∈ A are the solutions of the lower-level objective function. The travel time of the road section is calculated by the BPR (Bureau of Public Roads) function, as shown in Formula (10):
B. LOWER-LEVEL OBJECTIVE FUNCTION WITH CONSIDERATION OF TIME VALUE
The lower-level function reflects the equilibrium state of the road network when a traveler makes a travel choice, for a given road network, toll cordon, and toll rate. The deterministic equilibrium model and constraints under elastic demand 
The above shows the deterministic user equilibrium condition. Formula (11) is the state of road network equilibrium. Formula (12) is the travel flow conservation constraint, which sets the sum of the traffic volumes on all paths between the O-D pair equal to the total traffic demand of the O-D pair. Formula (13) describes the relationship between the traffic volumes on the paths and the traffic volumes on the road section, such that the road section traffic volume is the sum of all path traffic volumes through this road section. Formula (14) sets the path traffic volume to be non-negative. This paper assumes that the travelers in the road network use cars to travel, and do not ever change their travel mode. Therefore, the elastic demand model is used to indicate the change in travel demand under the cordon pricing [31] , as shown in Formula (15):
Using generalized travel time to express travel utility under congestion pricing, the calculation method is as follows:
For travelers with different values, their generalized travel times on a road section with the same travel times (assuming S a = 0) will be different.
For urban travelers, the distribution of travel time values is related to the degree of urban economic development, per capita income distribution, and other factors. This article assumes that the traveler's time value follows a uniform distribution [28] , as described in Formulas (17) and (18):
In previous research, the assumption has been made that all paths in the road network are optional, but in practice there are restrictions on roads, and sometimes paths cannot be formed between certain road sections. In equilibrium, the influence of steering limitations on the path should be considered when solving for the shortest path. Liu and Huang [29] considered steering limitations and provided an algorithm for solving VOLUME 7, 2019 for the shortest path, which is applicable to this problem. Therefore, we adopt the shortest path problem for steering limitations and the algorithm for solving it.
C. COMBINED ALGORITHM
When solving for the optimal toll cordon, the decision variable is whether the road segment belongs to the tolling area, which is a binary variable. When solving for the optimal toll rate, the decision variable is the value of the rate, which is a continuous variable. Therefore, we need to design algorithms to calculate the toll cordon and rate separately.
1) TOLL-RATE-SOLVING ALGORITHM
The toll rate can be obtained by solving a bi-level programming model. The solution idea is to convert the constraint problem into an unconstrained problem by using penalty function method, and then solve the unconstrained problem by using simulated annealing algorithm.
In formula (8) , the exterior penalty function method is used. Steps for applying the exterior penalty method to solve the restriction of congestion transfer.
Step 0: Initialization. Set the step number p = 0, penalty factor γ (γ > 1), and control error ε(ε > 0).
Step 1: The unconstrained problem min F = γ pP − Z is solved by calling the simulated annealing algorithm.
Step 2: Assessment of whether to stop the iteration. If γ pP < ε the iteration stops, otherwise let p = p + 1 γ p = cγ p , c > 1.
The simulated annealing algorithm is applied and the methods of random search and Hooke-Jeeves local minimum value search are introduced to solve the toll rate problem under a given toll cordon, which makes searching faster and more accurate [30] , [31] .
1. Steps for applying the simulated annealing algorithm to solve for the optimal toll rate
Step 0: Initialization. The initial value of S (0) is set within the value range of S. The basic parameters of simulated annealing are given. They are initial temperature coefficient χ 0 ∈ [0, 1], cooling schedule coefficient δ ∈ (0, 1), probability coefficient t ∈ (0, 1), the number of inner loops L 0 , the number of random point i 0 , and temperature threshold for stopping the iteration T s , and the counter is set to k = k 1 = 0.
Step 1: Finding an initial temperature. i 0 random points are uniformly generated within the range of S, expressed as o The initial temperature T (0) of the system can be calculated according to the following formula:
Step 2: Assessment of whether to stop the iteration. If T (k) < T s , the iteration stops and the optimal toll rate value S (0) is output, otherwise the process continues to Step 3.
Step 3: Markov chain termination decision. If k 1 > L 0 , continue to Step 6, otherwise continue to Step 4.
Step 4: Random point generation. A random number is generated, denoted as t random ∈ (0, 1). If t random > t, the Hooks-Jeeves method [32] is used to find a local optimal solution y from point S (k 1 ) . When we find y, the equilibrium traffic assignment method is used Conversely, if t random ≤ t, data point y is randomly generated within feasible domain . Then calculate F(y) after using equilibrium traffic assignment.
Step 5:
= y and k 1 = k 1 + 1 and return to Step 3. Otherwise, let S (k 1 +1) = S (k 1 ) and k 1 = k 1 + 1 and return to Step 3.
Step 6: Cooling schedules. Calculate the standard deviation of the objective function value F(S (k 1 ) )(k 1 = 0, · · · , L 0 ), denoted as σ (T (k) ). Set the temperature as follows:
, k 1 = 0, and return to Step 2. 2. Steps for solving the road network equilibrium model In Step 1 when applying the simulated annealing algorithm to solve for the rate, the user equalization problem needs to be solved for each toll rate generated. The MSA (method of successive average) and Monte Carlo methods are applied to solve the user equilibrium model considering the time value under elastic demand [28] , [33] . The algorithm steps are as follows:
Step 1: Estimate the traffic demand of the network O-D pair.
Step 1.0: Initialization. Set the step number n = 1, and initialize the O-D requirement of the network d (0) w = 0, given sampling size n 0 .
Step 1.1: Time value sampling. From the time value distribution function F(β), the sampling time value β (n) is used to calculate the generalized travel time of each section:
whereÃ is road set for cordon pricing.
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Step 1.2: Calculate the demand of the O-D pair. Calculate the traffic demand D (n) w according to Formula (12) , and record the demand for the O-D pair as d
Step 1.3: Stop criteria. When the number of iterations is n ≥ n 0 , continue to Step 1.4; otherwise set n = n + 1, and return to Step 1.1.
Step 1.4: Simulation output. Output final O-D requirements d w .
Step 2: Estimate the traffic volume under the road network equilibrium.
Step 2.0: Initialization. Set the initial road segment traffic volume x (0) a = 0, a ∈ A, the sample size to m 0 , the simulation iteration step number m = 1 and a sufficiently small number ε.
Step 2.1: Time value sampling. From the time value distribution function F(β), the sampling time value β (m) is used to calculate the generalized travel time of each section.
Step 2 a , a ∈ A is calculated according to all-or-nothing assignment.
Step 2.3: Network loading assessment. The flow patterns of each section are calculated by the MSA:
Step 2.4: Stop criteria. When the number of iterations is m ≥ m 0 , or
a ), continue to Step 2.5; otherwise set m = m + 1, and return to Step 2.1.
Step 2.5: Output results. The iteration stops, the final road section flow pattern {x a , a ∈ A} and O-D demand {d w , w ∈ W } are output.
2) TOLL-CORDON-SOLVING ALGORITHM
The genetic algorithm can be used to solve for the optimal toll cordon. Feasible cordons can be identified by dividing the nodes in the road network into toll nodes and non-toll nodes. The gene parameter in the genetic algorithm is the node state (toll or non-toll). When the node is a toll node, it is assigned a value of 1, otherwise 0. As discussed above, the feasible cordon must lie outside the congestion area and within the stable area, which means that the nodes in the congestion area must all be within the tolling area, and thus toll nodes, assigned a value of 1. Assuming there are 11 nodes in the stable area, of which four nodes are in the congestion area, then:
Line (a) represents all the nodes in the stable area, numbered 1-11 respectively, where nodes 1-4 are in the congestion area. Line (b) shows the chromosome represented by the node states. The length of the chromosome is L, and the parameters take the values of 0 and 1. The parameters corresponding to nodes 1-4 are always set to 1. The steps of the genetic algorithm used to determine the optimal cordon are as follows [17] :
Step 1: Initial population. The initial population of the feasible cordon is generated randomly, and a total of N 0 chromosomes are established. A matrix with entries taking values of 0 and 1 is built from N 0 ×L. When chromosomes are generated, the parameter values of the nodes in the congestion area are guaranteed to be 1. It should be noted that not all chromosomes can form a feasible cordon, and the method in Section 2.2.2 should be used to determine whether a chromosome can form a feasible cordon.
Step 2: Fitness evaluation. The bi-level programming model is used to calculate the maximum social benefit Z of the scheme corresponding to each chromosome.
Step 3: Natural selection. Select the chromosomes with higher social benefit as survivors and discard the remaining feasible cordons.
Step 4: Crossover. The survivors are paired up, and the toll nodes are exchanged between each pair.
Step 5: Mutation. Randomly change the node parameters in non-tolling areas.
Step 6: Generate a new generation. For new chromosomes that have been crossed and mutated, the method in Section 2.2.2 is used to determine whether they represent a feasible cordon, with feasible cordons retained and other cordons discarded.
Step 7: Stop criterion. If the criterion for stopping the iteration is not reached, return to Step 2, otherwise stop.
IV. EMPIRICAL RESEARCH A. CASE DESCRIPTION
By the end of 2017, the total number of motor vehicles in Changchun of China had reached 1.332 million, the per capita private car is 0.193 (vehicle/person), the per capita GDP is 4.5468 (million yuan/person) [34] . Through monitoring the Changchun Traffic Big Data Platform, it was found that the average daily travel volume in the city was 24,249,000 trips. The number of trips per person was 2.68 per day, and the early peak-hour was 7:00-8:00. In the city center, during the working day, the number of car trips in the morning peakhour was about 703,000 people-trips per hour, and the average operating speed of the whole network was 21km/h in the morning and evening peak-hours.
B. DETERMINATION OF RESEARCH SCOPE AND FEASIBLE CORDON 1) CONGESTION AREA
The basic data used in this case are GPS data for 6,783 floating cars in Changchun during the morning peak-hour (7:00-8:00) on November 1, 2017. The data-sampling interval is 30s. The initial data comprises about 816,600 observations. After data filtering and cleaning, 773,300 remain. Map analysis using ArcGIS was applied to achieve high-density active VOLUME 7, 2019 FIGURE 5. Distribution of GPS point density. area recognition, and the point distribution density of the GPS is shown in Fig. 5 . Python was used to analyze the regional average speed, and the average speed of the road network is shown in Fig. 6 . Based on Fig. 5 and Fig. 6 , area A is selected as the research object for studying the toll cordon and rate determination problem.
The network structure of region A is shown in Fig. 7 .
2) CONGESTION CENTER POINT
The congestion center point is determined within area A using the method described earlier. According to the road grades, the main intersections and blocks in the area are selected as the candidate points. Then, according to formulas (1) and (2), the average speeds of the alternative center points are calculated. The four points a, b, c, and d with the lower average speeds are selected, as shown in Fig. 8 , and their average speed is 14.34km/h, 16.12km/h, 15.73km/h and 16.34km/h, respectively.
3) RESEARCH SCOPE
From 7:00 to 8:00 on November 1, 2017, a manual survey method was adopted to find out some basic information on the road network and the traffic volumes on the entrance roads at major intersections in area A. Combined with the arterial roads speed classification of the ''Urban Road Traffic Management Evaluation Index System'' [25] , the degrees of congestion of the arterial roads in cities of all grades are given in Table 2 . We can know that Changchun is a big city according to the size of Changchun. According to the basic information of each road section, as in Table 2 , and Formulas (3), (4), and (5), the regional congestion thresholds of Changchun are as shown in Table 3 .
According to the location of the congestion center point, area B (as shown in Fig. 8 ) is selected as the first-layer enclosed area. According to Formula (4), the average regional speed in area B is 17.3 km/h. According to the regional congestion degree threshold, it can be seen that area B belongs to the congestion area.
The congestion degree of each enclosed area is determined according to the layer push method, and finally it is determined that the congestion area is area B, and the stable area is area C.
4) OD ESTIMATION
After the research scope is determined, the area is divided into 31 traffic zones, as show in Fig. 9 . We apply the software of TransCAD to obtain the OD distribution in the region, and the desired line can be obtained according to the OD distribution, as show in Fig. 9 .
5) FEASIBLE CORDON
As explained earlier, the feasible cordons are all within the research scope. Using the feasible cordon assessment method, all feasible cordons in the research scope can be identified. The feasible cordons are not unique and are not listed here. When solving for the optimal cordon, specific feasible cordons are generated in the solving program.
C. SOLUTION FOR THE TOLL CORDON AND RATE
Before establishing and solving the model, we first explain the data required.
1. In terms of the road network, there are 31 origin points and 31 destination points, 136 road sections and 73 nodes. Among them, sections 1-12, and 19-38 are one-way roads, and the corresponding intersections have turning restrictions. Referring to previous research [17] , the dimensionless elastic demand coefficient is ρ = 0.25. The design speed of the express roads is 80km/h, that of the arterial roads is 60km/h, that of the secondary trunk roads is 50km/h and that for the branch roads is 40km/h.
2. In terms of model parameter values, according to a travel survey conducted in Changchun, the income range is 2,000 to 15,000 yuan, and the range of travel time values is from 5.6 to 41.7 yuan/h, calculated from Formulas (17) and (18) . According to an investigation of the congestion situation in peak periods in Changchun, the overall congestion is relatively serious. Therefore, the congestion transfer threshold is λ = 1, the penalty factor for congestion transfer is κ = 5, the minimum boundary charge rate is S = 2 yuan/trip, and the maximum rate is S = 10 yuan/trip.
3. In terms of the algorithm parameters, the genetic algorithm takes a population size of 25, a selection probability of 0.8, a crossover probability of 0.7 and a mutation probability of 0.2. In the exterior external penalty function method, γ = 5, ε = 0.1, c = 2. In the annealing algorithm, S (0) = 5, χ 0 = 0.5, δ = 0.6, t = 0.7, L 0 = 100, i 0 = 100, and T s = 0.01. In the MSA and Monte Carlo methods, n 0 = 100, m 0 = 100, ε = 0.01.
Based on the above data, the combined algorithm is used to solve for the optimal toll cordon and rate. The number of iterations of the genetic algorithm is set to 50. The model objective function is the maximum total social net benefit of travel, with the restriction on congestion transfer. The model's objective function value is subtracted from 10^7, and the maximization problem is transformed into the problem of minimizing the objective function.
The minimum value of the objective function is 8,159,476, and the corresponding optimal solution to the net total social benefit of travel is 1,840,524 yuan. At this time, the optimal toll rate is 3.2 yuan/trip, and the corresponding optimal cordon is enclosed by the road sections by the road sections 19-21, 57-59, 67, 74-80, 82, 84, 90-92, 82, 125-126, and 132-133, as shown by the yellow border in Fig. 10 . 
D. EFFECT OF PRICING
By comparing the traffic parameters under the optimal toll rate, a non-optimal toll rate and no toll, we can analyze the effect of cordon-based congestion pricing. The optimal toll rate for area A is 3.2 yuan/trip; we compare this to the non-optimal toll rates of 1.0 yuan/trip, 2.0 yuan/trip, and 4.0 yuan/trip; no pricing equates to 0 yuan/trip. The traffic parameters determine the net total social benefit of travel and the total traffic volume within the road network. Under the optimal cordon, Fig. 11 shows the net total social benefit of travel under different toll rates, while Fig. 12 shows the corresponding total traffic volumes.
As can be seen from Fig. 11 , when the toll rate is 3.2 yuan/trip, the net total social benefit of travel is largest. As can be seen from Fig. 12 , the higher the rate, the lower the total traffic volume on the road network, and the traffic volume under the optimal rate is much lower than when there is no pricing. Cordon-based congestion pricing can thus increase the net total social benefit of travel on the road network and reduce the total traffic volume in the region.
V. CONCLUSION
In the design and application of a congestion pricing strategy, there are two difficult aspects. One is to determine the suitable area in which to impose congestion pricing, and the other is to restrict the congestion transfer that may occur after pricing has been imposed. In this paper, we design a pricing method to determine the cordon and the rate, taking into account the congestion transfer and multi-user choices. The findings are as follows:
1. In order to improve the feasibility of the scheme, the definition and assessment of research scope and feasible cordons are introduced. We propose a method of determining the research scope based on GPS data, and a method of selecting feasible cordons based on the research scope and graph theory.
2. Considering the influence of the traveler's time value on his/her travel choices and congestion transfer in the event of pricing, we establish a bi-level programming model to determine the toll cordon and rate at the same time. We also design a combined algorithm to solve the model.
3. Taking the central area of Changchun as an example, we identify the research scope of cordon-based congestion pricing using GPS data, road network operation data, and travel attribute data. Then, we apply the bi-level programming model to design the optimal toll cordon and rate on the basis of feasible cordons. The results verify the maneuverability of the proposed method, and prove that cordon-based congestion pricing can play an important role in improving social welfare and alleviating traffic congestion.
This article provides support for the design of cordonbased congestion pricing schemes. However, it still has some aspects worthy of further research.
1. The method of using GPS data to identify congested areas still requires improvement. Further research can also consider applying multiple sources and more comprehensive data to assist the design of an appropriate scheme.
2. There are some actual factors are not taken into account, such as congestion spreads over time and dynamic traffic networks. In the future, we will analyze the impact of congestion transfer on congestion pricing in the dynamic traffic flow environment.
3. It remains to be studied to extend feasible cordon determination method to multi-center environment. This method is suitable for the case of single center or partial multicenter. When multiple congestion centers are far away from each other, this method can be used to determine the research scope of each congestion center. When there are two close congestion centers, they can be considered as one center. When two congestion centers are not far enough to be considered separately or not close enough to be considered as one center, it is a complex situation and needs to be studied furtherly.
